Introduction
Carbon is an outstanding element. The isolated carbon atom has a (1s   2   2s 2 2p
2 ) configuration with filled 1s and 2s states and two electrons in the 2p state. Through sp 2 hybridization of the atomic orbitals, two neighboring atoms can bond strongly via both s-and p-states, with the latter involving the p z orbitals that are oriented perpendicular to the intersection line between the atoms. Due to the high p-bonding energy, graphite is energetically slightly more stable than sp 3 -bonded diamond-like structures under ambient pressure and temperature. Although its neighbors to the right and left in the periodic table (boron and nitrogen) can also form strong p bonds, only carbon occupies the favored position of having exactly four electrons and requiring exactly four bonds to attain a closed shell. Indeed, the ability of carbon to form a wide variety of anisotropic and stable 2D structures is in contrast to clusters of nearly all other elements, which are essentially always 3D.
The fundamental 2D carbon structure is graphene, a honeycomb atomic layer (Fig. 1A) representing the basic structural constituent of graphite. Graphene can be conceptually viewed as an indefinitely extended, 2D aromatic macromolecule. Capping off the edges of very small graphene sheets by hydrogen atoms yields stable p-conjugated molecules such as pentacene, [1] hexabenzocoronene, [2] or picene [3] (Fig. 1B) . Further to this, a rich family of structures can be formed by distorting the graphene sheet in the third dimension. Graphene, being a single atom layer, can be bent without appreciably changing the in-plane bond lengths, rendering the energy cost for the distortion relatively small. In order to eliminate dangling bonds, graphene must be wrapped around itself to form a closed structure without edges. As one possibility, the roll-up of graphene results in carbon nanotubes (Fig. 1C) , whose ends may be closed by appropriate caps. Another option involves bending the graphene sheet in two dimensions, which yields fullerenes (such as C 60 , in Fig. 1D ). Similar to the nanotube caps, this folding into a closed cage requires the presence of pentagons in addition to hexagons.
The electronic-band structure of graphene combines semiconducting and metallic characteristics, as it can be conceived both as a metal with vanishing Fermi surface and as a semiconductor with a vanishing band gap. This peculiar property stems from graphene's unit cell, comprised of two carbon atoms, which renders the p-and p*-bands indistinguishable at the Fermi energy, such that they remain equal in energy and the two REVIEW www.advmat.de Figure 1 . Chemical structures of A) a graphene sheet with its 2D delocalized electron system, B) pentacene (top) and hexabenzocoronene (bottom) as two representative p-conjugated molecules that can be conceived as small graphene sheets with hydrogen-saturated edges, C) a chiral single-wall carbon nanotube with a quasi-1D electron system, and D) the C 60 fullerene representing a 0D electron system. REVIEW www.advmat.de bands touch each other at the K-point in the Brillouin zone ( Fig. 2A) . Moreover, the close carbon-carbon distance in graphene leads to a pronounced interatomic overlap that spreads these bands out over a wide energy range, resulting in a rather large Fermi velocity of the electrons (v F %10 6 m s
À1
). As a consequence of the linear dispersion up to AE1 eV around the Fermi level, the electrons and holes in graphene behave as if they have no mass, and their electronic density of states (DOS) depends linearly on energy. The 1D band structure of a carbon nanotube can be derived by restricting the 2D energy dispersion of graphene to those wave vectors that remain allowed by quantization along the tube circumference (Fig. 2B) . If the corresponding slices pass through graphene's K-point, the nanotube is metallic, and otherwise semiconducting. In the simple tight-binding model, the band gap E g of a semiconducting tube is given by
where g is the hopping integral ($3 eV), R C-C the C-C bond length, and d CNT is the tube diameter. The electronic DOS of a nanotube features van Hove singularities at each band minimum, associated with 1 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi E À E 0 ð Þ p -like tails reflecting the free-electron character along the tube axis. Finally, in the p-conjugated molecules, the quantum confinement in all three dimensions gives rise to a set of discrete energy levels, as exemplified for C 60 in Fig. 2C .
While all the carbon nanostructures in Fig. 1 have made their way into prototype or even close-to-application electronic devices, the inherent charge-transport characteristics and the factors that limit the charge-carrier mobility differ significantly among them. These differences directly mirror the electronic dimensionality and achievable dimensions of the respective p-systems. Graphene sheets can be easily prepared with micrometer sizes sufficient to connect electrodes accessible through standard lithography, thus opening the possibility to transport charges along graphene's extended p-system. By application of a control (gate) voltage, the charge carriers in graphene can be continuously tuned between electrons and holes in concentrations as high as 10 13 cm À2 . [4] However, the zero band gap of graphene prevents effective current switching, which is essential for field-effect transistor (FET) operation. It is well documented that the carrier mobility in graphene is strongly influenced by the environment. Graphene sheets resting on a Si/SiO 2 substrate routinely reach mobilities of the order of 10 000 cm 2 V À1 s À1 . [4] In such devices, carrier scattering is likely to arise from charged surface impurities, which are typically present on Si/SiO 2 substrates with a density of $10 12 cm
À2
. [5] Scattering by trapped charges is expected to be especially effective close to the Dirac point, where the low carrier densities provide only weak screening. As an alternative scattering source, the formation of static ripples within the graphene sheet or the presence of graphene impurity states with an energy close to the charge neutrality (Dirac) point have been proposed. [6] Very recently, immense electron mobilities approaching 200 000 cm 2 V À1 s
À1
have been detected at liquid-helium temperature in freely suspended graphene sheets (Fig. 3) , indicative of near-ballistic transport over a micrometer length scale. [7, 8] The suspended sheets, moreover, display a temperature-dependent minimum conductivity that approaches the theoretically predicted value of (Fig. 3B ). Notably, current-induced thermal annealing is a means to further remove surface contaminants. [8] With rising temperature, the carrier mobility is notably reduced, which has been attributed to acoustic phonon scattering [9, 10] or extrinsic scattering by surface phonons at the underlying SiO 2 layer, [11] with the latter mechanism setting in at temperatures above 200 K.
In contrast to extended graphene sheets, the much smaller size of p-conjugated molecules renders it almost impossible to utilize the extended wave functions within the molecular plane for charge transport, unless considerable effort is spent, such as in specifically designed experiments on single molecules positioned inside nanogaps. [12] Therefore, technologically useful devices have to rely upon p-stacked molecule ensembles in the form of thin films, wherein the charge-transport direction is preferably perpendicular to the p-systems. Due to the fact that the molecular interactions in organic films are governed by relatively weak van der Waals forces and large intermolecular distances, the carrier-transport efficiency is expected to be substantially smaller than in covalently bound solids. In addition, the p-stack arrangement renders the charge transport highly sensitive with respect to structural defects, so that even moderate distortions, such as a single misplaced molecule, can significantly impede the charge transport through the stack. Indeed, the carrier field-effect mobilities of early organic transistors were quite small, on the order of 10 À5 -0.01 cm 2 V À1 s
. [13] [14] [15] [16] Because of the small bandwidth of p-stacked organic semiconductor films, charge transport is typically described by carrier hopping. For organic semiconductors with mobilities of less than about 0.01 cm 2 V À1 s À1 , the variable-range hopping (VRH) model has been developed. [17, 18] [19] although the existence of a true band-like transport in organic semiconductors is still under debate.
Similar to graphene, single-walled carbon nanotubes (SWCNTs) can be easily obtained with sufficient size to connect electrode pairs defined by standard lithography. Chemical vapor deposition (CVD) methods enable the routine growth of tens of micrometer long nanotubes from controlled surface sites by catalyst patterning on a substrate. [20] As a major difference to p-stacks of conjugated molecules, a CNT has a stronger capability to tolerate defects, because their impact is averaged out to some extent along the tube circumference, rendering them quite robust against elastic scattering. [21] High-quality SWCNTs exhibit at low temperatures ballistic transport over a micrometer length scale, as manifested by Fabry-Pérot-like interferences in the gate-dependence of the conductance. [22] At low applied bias, the charge transport is determined by inelastic scattering involving acoustic phonons, which imparts a 1/Tdependence of the carrier mobility on temperature in semiconducting nanotubes. [23] Due to the weak electron-acoustic phonon coupling, semiconducting SWCNTs show extraordinary field-effect mobilities of up to several 10 000 cm 2 V À1 s
. [24] Figure 2. Schematic representation of A) a 1D section of the 2D band structure of graphene, B) the formation of 1D sub-bands in a carbon nanotube by restricting the wave vectors in circumferential direction and the resulting electronic DOS displaying van Hove singularities at the sub-band minima, and C) the set of discrete energy levels arising from the 3D confinement in C 60 . At higher bias, the electrons gain sufficient energy to emit optical phonons. This type of scattering is considerably stronger compared to acoustic phonon scattering, and causes the current through an individual metallic or semiconducting nanotube to saturate at $25 mA. [25] Akin to the p-conjugated molecules, the mobility of holes is larger than that of electrons in CNTs, which has been attributed to a thicker Schottky barrier for tunnel injection of electrons.
Carbon-Based Field-Effect Transistors
FETs are by far the most common electronic devices. Currently, about 10 19 FETs are manufactured per year, most of them ($99%) on single-crystal silicon wafers as the building blocks of integrated circuits for microprocessors, solid-state memories, or mobile phones. The silicon serves as the substrate and as the semiconductor in which a channel of charge carriers (either negative electrons or positive holes) is accumulated by a transverse electric field from a conducting gate electrode. The gate electrode is usually a metal (or heavily doped polycrystalline silicon deposited by CVD) and is separated from the semiconductor by an insulating layer, the gate dielectric. Since, the carrier channel is located in close vicinity of the semiconductor/ dielectric interface, the mobility of carriers in the channel is usually smaller than in the semiconductor bulk, due to interface scattering. [26] In the case of silicon, a gate dielectric with excellent bulk and interface quality is readily obtained by oxidizing the silicon surface at high temperature in dry oxygen. The thickness of the resulting SiO 2 layer can be scaled down to a few nanometers. This gate-dielectric scaling is necessary as the channel length of the transistor (the distance between the source contact, at which carriers are injected into the channel, and the drain contact, at which carriers are extracted) is further and further reduced. While the first microprocessors in the early 1970s had FETs with a channel length of 10 mm, 64-bit multicore processors currently in production utilize FETs with a channel length of 35 nm. In order to assure that the carrier density in the channel is controlled by the transverse gate field rather than by the lateral drain-source field, the thickness of the gate dielectric must also be aggressively reduced.
As a result of the continuous lateral and vertical scaling, state-of-the-art silicon FETs are nanoelectronic devices, but the miniaturization comes at a price. As the gate dielectric thickness is reduced below 2 nm, charge leakage due to quantummechanical tunneling increases to more than 1 A cm À2 , [27] causing severe problems related to off-state current, power consumption, and heat dissipation. The leakage-current problem can be alleviated by replacing the thermally grown SiO 2 with a deposited metal oxide with larger permittivity (such as HfO 2 ), so that the same gate capacitance corresponds to a thicker dielectric (and hence smaller gate leakage). However, a deposited dielectric renders it more difficult to control the interface quality and scattering, so that the carrier mobilities are further reduced, to about 200 cm 2 V À1 s À1 for electrons and 40 cm 2 V À1 s À1 for holes, [28] and future scaling is likely to reduce the mobilities even further. Therefore, alternative semiconductors that are compatible with silicon technology platforms but provide higher carrier mobilities than silicon are of great interest, especially if they fit naturally into a nanoscale FET architecture. An important milestone in this direction was the fabrication of the first carbon nanotube-based FET (Fig. 4 ) in 1998. [29] Since graphene and carbon nanotubes are characterized by very large mobilities and near-ballistic transport, these materials hold great promise for next-generation nanoelectronics.
While graphene and individual carbon nanotubes are of interest as an extension of silicon-based nanoelectronics, thin films of p-conjugated hydrocarbons offer the possibility of implementing electronic functionality in the form of FETs and integrated circuits on substrates other than silicon. For example, because all the functional materials required to build organic transistors can be deposited and patterned at or near room temperature, these devices can be manufactured on flexible, conformable, and even stretchable plastic substrates. This opens a range of new applications, such as roll-up displays, spherical focal-plane imaging arrays, and artificial skin (providing robots maneuvering in unstructured environments with a human-like sense of touch and temperature). These applications require that FETs and circuits be distributed on unconventional substrates over large areas, but they typically do not require high-frequency operation, so that the carrier mobilities of organic semiconductor films ($1 cm 2 V À1 s
À1
) are usually sufficient. It is noteworthy that in addition to nanoscale FETs (based on graphene or carbon nanotubes) and flexible FETs (based on thin films of conjugated hydrocarbons), carbon-based transistors are also useful as chemical or biological sensors, because the environmental sensitivity of carbon-based molecules can be efficiently tailored by synthetic chemistry. [30] In the following sections, the focus will be laid on important recent advances in the development of FETs comprising the three different types of carbon nanostructures. 
FETs Comprising p-Conjugated Molecules
The concept of utilizing a deposited film of p-conjugated organic molecules as the active layer in a FET dates back more than 20 years. [13] The performance of the early organic transistors was limited by the fact that they utilized amorphous films characterized by poor orbital overlap. Over the years, a variety of strategies have been developed to improve molecular ordering, orbital coupling, and transport efficiency in deposited organic semiconductor films. This has resulted in carrier mobilities up to about 1 cm 2 V À1 s
À1
, that is, similar to the mobilities observed in amorphous films of covalently bound semiconductors, such as hydrogenated amorphous silicon (a-Si:H).
The strategies developed to improve carrier transport in organic semiconductor films often involve the design of conjugated molecules with an enhanced potential for molecular self-organization. For example, by introducing alkyl chains at the end positions of planar conjugated oligomers, such as sexithiophene, the degree of long-range order in the films can be greatly enhanced compared with unmodified sexithiophene, resulting in significantly larger carrier mobilities. [31, 32] In the case of semiconducting polymers, such as polythiophene, the potential for self-organization and hence orbital overlap and mobility can be substantially improved through the strategic substitution of alkyl chains, [33, 34] and the inclusion of rotationally invariant, fused thiophene units along the polymer backbone. [35] A second strategy to improve carrier transport in organic semiconductor films is tuning the process conditions in order to maximize the degree of molecular ordering realized during film growth. For vacuum-deposited organic semiconductors, film growth is efficiently controlled by adjusting the substrate temperature during deposition, with significant effects on the carrier mobility. [36] [37] [38] For solution-deposited semiconductors, film growth is controlled by the rate of solvent evaporation [39] and through thermally induced recrystallization. [35, 40] In addition, the microstructure of both vacuum-deposited and solution-processed organic semiconductor films is greatly affected by the surface energy of the substrate surface, which can be conveniently controlled by chemical surface modifications. [41] [42] [43] One of the most popular small-molecule semiconductors for organic transistors is the fused aromatic hydrocarbon pentacene. Pentacene has a strong tendency to crystallize, and upon vacuum deposition forms polycrystalline films with a high degree of molecular order. Figure 5 illustrates the thin-film morphology (imaged by atomic force microscopy) [44] and the relationship between the solid-state molecular arrangement (revealed by X-ray diffraction) [44] and the overlap of the delocalized molecular orbitals (computed from first principles) [45] for the thin-film polymorph of pentacene. The polycrystalline thin-film structure of pentacene evolves through the nucleation and growth of dendritic crystallites on the substrate surface, as shown in Figure 6 . [46] The size of the crystallites and thus the density of grain boundaries is a function of the substrate properties and can be tuned by adjusting the growth conditions.
While the mobility of organic transistors has improved by five orders of magnitude since the first reports in the 1980s, the rate of improvement has recently slowed and other aspects of organic-transistor technology have been receiving increased attention. An example is the development of gate dielectrics that can be processed at temperatures sufficiently low to permit the use of flexible polymeric substrates, but which also provide a large capacitance that allows the transistors to be operated with usefully low supply voltages. One of the applications, for which low-voltage organic transistors are of interest, are flexible active-matrix organic light-emitting-diode (AM-OLED) displays. [47, 48] State-of-the-art high-efficiency organic LEDs with doped injection layers produce a brightness of 1000 cd m À2 with supply voltages between 2.5 and 3 V (Fig. 7) . In order to drive such OLEDs in a power-efficient AM display, the pixel drive transistors A number of approaches toward low-temperature highcapacitance gate dielectrics for low-voltage organic transistors have been suggested. One is the use of inorganic metal oxide dielectrics with large permittivity, such as TiO 2 , [49] Ta 2 O 5 , [48] ZrO 2 , [50, 51] and HfO 2 . [52] These metal oxides provide capacitances ranging from 0.5 to 2 mF cm À2 , so that the transistors can be operated with voltages around 1-5 V. A second approach is the use of insulating polymers, such as polyimide, polystyrene, and polyvinylphenol, which are processed into films with a thickness of 10-20 nm. Although the permittivity of organic polymers is small (usually between 3 and 4), the small thickness of the spin-coated polymer films provides capacitances in the range of 0.2-0.3 mF cm
À2
, and hence operating voltages of 2-3 V. [53, 54] A third approach are solid polymer electrolytes or ion gels that form electric double layers and thus provide capacitances above 10 mF cm À2 , together with very large induced carrier densities and low operating voltages. [55] [56] [57] A fourth approach comprises self-assembled nanodielectrics based on well-defined aliphatic and polarizable molecular multilayers with a thickness of a few nanometers, providing a capacitance of 0.4 mF cm À2 and low-voltage transistor operation. [58] Finally, low-temperature, high-capacitance gate dielectrics for organic transistors can be realized by combining a thin layer of an oxygen-plasma-grown metal oxide and a self-assembled monolayer (SAM) of an aliphatic phosphonic acid. [59] [60] [61] [62] In this approach, the surface of the metal gate electrodes is oxidized at room temperature by an oxygen plasma. In the case of aluminum gate electrodes, this forms an AlO x layer with a thickness of 3-4 nm, depending on the plasma power. This oxide layer alone is a poor dielectric characterized by substantial leakage currents. However, the plasma-grown oxide provides an excellent surface for the self-assembly of a molecular monolayer of an aliphatic phosphonic acid. This organic monolayer is obtained either by immersing the substrate in a 2-propanol solution of the phosphonic acid [59] or by transferring the monolayer from an elastomeric stamp, [60] followed by a brief anneal at a temperature of 70 8C. The SAM has a thickness of about 2.1 nm, giving a total AlO x /SAM dielectric thickness of about 6 nm and a gate dielectric capacitance of $0.7 mF cm
. Despite its small thickness and the low process temperature, the AlO x /SAM dielectric provides acceptably small leakage currents of less than 10 À5 A cm À2 at 3 V. Figure 8 shows a photograph and the electrical characteristics of a pentacene transistor manufactured on a glass substrate with aluminum gate electrodes, a thin AlO x /SAM gate dielectric, and gold source and drain contacts. Owing to the small thickness of the gate dielectric, the transistor can be operated with 3 V. The transistor has a carrier mobility of 0.6 cm 2 V À1 s
À1
, an on/off current ratio of 10 7 , and a sub-threshold swing of 100 mV per decade. The sub-threshold swing, defined as S ¼ d log 10 I dV gate À Á À1 , is a measure of how effectively the gate switches the transistor current. Pentacene transistors with gold source and drain contacts display p-channel behavior, because the ionization potential of pentacene is similar to the work function of the gold contacts, so that the energy barrier for injecting positively charged carriers into the highest occupied In contrast to p-channel transistors, n-channel transistors require a material combination that provides good energy matching between the LUMO of the organic semiconductor and the work function of the source/drain metal. One possibility is to match the high-lying LUMO level of a conjugated hydrocarbon, such as pentacene, with a low-work-function metal, such as calcium. However, since low-work-function metals are quite reactive, and because electrons in the LUMO of organic semiconductors with a small electron affinity, such as pentacene, have poor stability in the presence of oxygen, such transistors cannot be operated in ambient air. An alternative is the synthesis of organic semiconductors with an electron affinity in the range of 4.2-4.6 eV, and the use of air-stable gold source and drain contacts. Such a large electron affinity is possible through the replacement of hydrogen with more electronegative substituents, such as fluorine or cyano groups. An example is hexadecafluorocopperphthalocyanine (F 16 CuPc), which was first utilized in air-stable organic n-channel transistors in 1998.
[63] Figure 9 shows the electrical characteristics of a low-voltage F 16 CuPc n-channel transistor on a glass substrate.
The possibility of manufacturing p-channel and n-channel organic transistors on the same substrate allows the realization of low-power organic complementary circuits, as shown in Figure 10 . Compared with circuits based on a single carrier type (unipolar circuits), complementary circuits have a number of advantages, including smaller static-power consumption and sharper switching characteristics (larger output swing, higher small-signal gain, and greater noise margins).
The maximum switching speed of state-of-the-art organic complementary circuits is limited by the relatively low carrier mobility of the n-channel organic transistors (0.02 cm 2 
V
À1 s À1 in the case of F 16 CuPc). The small carrier mobility of F 16 CuPc is possibly related to poor molecular ordering in the phthalocyanine layer near the dielectric interface. [64] Organic complementary circuits with improved dynamic performance thus require an organic semiconductor with large electron affinity and good molecular ordering. Promising compounds toward this goal are perylene tetracarboxylic diimides (PTCDI) with electron-withdrawing substituents.
[65] Figure 11 shows the electrical characteristics of an air-stable, low-voltage n-channel organic transistor based on a core-cyanated, fluoroalkyl-substituted PTCDI, with an electron mobility of 0.04 cm 2 V À1 s
À1
. Even better performance may be expected from pentacene analogs with large electron affinity, such as azapentacene, which may combine the excellent molecular ordering of pentacene with an even larger electron affinity (and hence smaller energy barriers) than PTCDIs. [66] 4. Graphene-Based FETs A major hurdle in the development of graphene field-effect devices is the lack of production methods that yield large amounts of well-defined graphene sheets. In fact, the often employed and already commercialized mechanical exfoliation of highly oriented pyrolytic graphite (HOPG), [67] developed in 2004, [4] is slow and yields only a few micrometer-sized flakes per square centimeter substrate area. Hence, increasing efforts are currently devoted toward alternative routes to graphene. Thus-far explored approaches rely upon the epitaxial growth or direct chemical synthesis of graphene, the liquid-phase exfoliation of graphite, as well as the conversion of graphene oxide (GO) to graphene. Epitaxial growth of graphene has been realized via vacuum graphitization of silicon carbide substrates, [68] and the catalytic decomposition of a gaseous precursor on metal substrates. [69] Regarding the chemical synthesis of graphene, besides the controlled bottom-up synthesis starting from smaller organic building blocks, [70] the gas-phase decomposition of a carbon source (for example, ethanol) inside a microwave plasma reactor is a promising method that affords few-layer graphene sheets of good structural quality. [71] Moreover, a solvothermal method involving the reductive decomposition of tetrachloromethane at T ¼ 100 8C has been reported to yield carbon nanosheets with a thickness between 3 and 8 nm. [72] Although these works represent first encouraging steps, it should be emphasized that significant improvements are still required in order to obtain extended, regular graphene monolayers. Efficient exfoliation of Figure 8 . Photograph and electrical characteristics of a pentacene p-channel organic transistor manufactured on a glass substrate with aluminum gate electrodes, a thin AlO x /SAM gate dielectric, and gold source and drain contacts. Owing to the small thickness of the gate dielectric, the transistor can be operated with 3 V. The transistor has a mobility of 0.6 cm 2 V À1 s À1 , an on/off current ratio of 10 7 , and a sub-threshold swing of 100 mV per decade. Figure 9 . Electrical characteristics of a F 16 CuPc n-channel organic transistor manufactured on a glass substrate with aluminum gate electrodes, a thin AlO x /SAM gate dielectric, and gold source and drain contacts. The transistor has a mobility of 0.02 cm 2 V À1 s À1 , an on/off current ratio of 10 5 , and a sub-threshold swing of 160 mV per decade.
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www.advmat.de graphite has very recently been accomplished through sonication of graphite within selected organic solvents, ensuring that the graphene-solvent interfacial-interaction energy matches that between the graphene layers. [73] While the resulting sheets with sizes of up to several micrometers appear to contain only a small amount of defects, their electrical characterization is still awaited. A higher yield of graphene can be obtained starting from expanded graphite that is accessible through intercalating graphite with a mixture of sulfuric acid and nitric acid, followed by rapidly heating the sample to 1000 8C, whereupon the formation of volatile gaseous species from the intercalants exfoliates the graphite into loosely associated graphene sheets. [74] Further processing by repeated intercalation, insertion of a tetrabutylammonium salt, and final sonication of the material within a surfactant solution yielded large amounts of suspended graphene monolayers. [75] The resulting graphene sheets constitute a suitable basis for the preparation of large transparent Langmuir-Blodgett (LB) films with good electrical conductivity. An overview of the wide variety of methods developed to obtain graphene through elimination of the oxygen-containing functional groups in GO is provided by Table 1 . The common basis of these methods is the property of graphite oxide, usually prepared by Hummers method, [76] to readily exfoliate within an aqueous medium into single GO sheets (Fig. 12A) . The subsequent chemical reduction of GO can be performed either within the aqueous colloid or after deposition of the GO sheets onto a substrate (Fig. 12B) . In several cases, chemical functionalization in situ or prior to reduction has been employed to prevent agglomeration of the sheets, though appropriate reaction conditions lead to aqueous dispersions that are stable over weeks in ambient air without the need for stabilizing agents. [77, 78] The electrical conductivity of individual reduced GO monolayers has been found to be about three orders of magnitude smaller than that of mechanically exfoliated, solidsupported graphene. [79] The only-moderate electrical properties of GO-derived graphene result from a sizeable fraction of chemical defects like hydroxyl-, expoxide-, and carboxylicgroups that remain after the reduction, as corroborated by chemical analysis on bulk samples, which found a few percent of oxygenated functionalities. [80] Evidence for defective regions in reduced GO monolayers has been gained from Raman spectra, which display a pronounced D-band intensity comparable to that of the G-band. Moreover, signatures of defective regions with sizes of several nanometers are apparent in scanning tunneling microscopy (STM) images, as exemplified in Figure 12A (inset). In addition to oxides, point defects or even small holes are also likely to be introduced during graphite oxidation, although their presence and distribution remains to be evaluated, for which purpose transmission electron microscopy (TEM) could prove highly valuable. [81] The defects contained within the reduced GO sheets are held responsible for the prevalence of hopping instead of band-like electronic conduction in this material. It is plausible to assume that the hopping occurs through defective regions between the intact graphitic islands. As a potential advantage over pristine graphene, the defects contained in reduced GO may serve as anchors or nucleation sites for subsequent chemical functionalization. One possible modification is metal electrodeposition, which opens potential applications in chemical sensors. [82] Furthermore, it has been demonstrated that GO functionalized with a long-chain alkylamine can be processed into films, which after thermal deoxygenation at T ¼ 300 8C show trap-free FET behavior, with charge-carrier mobilities of the order of 10 cm 2 V À1 s À1 at room temperature. [83] An essential prerequisite for graphene's application as an FET-channel material is to open its band gap. One possibility to achieve this task is to apply a perpendicular electric field to double-layer graphene. However, while prototype double-gate devices have already been demonstrated on this basis, [84] the magnitude of the induced gap ($10 meV) is still too small for room-temperature operation. Larger gaps have been attained through adsorption of the electron donor ammonia onto back-gated bilayers, [85] but such chemical doping is not compatible with common device technologies. An alternative approach to introduce a band gap in graphene is to constrict its lateral dimensions to produce quasi-1D graphene nanoribbons (GNRs). The quantization energy of GNRs can be considerably larger compared to conventional semiconductors due to graphene's linear energy dispersion and high Fermi velocity. According to theory, whether a GNR has a finite energy gap depends on its crystallographic orientation. [86] The confinement gap in a semiconducting GNR is expected to scale inversely with the ribbon width W according to DE ¼ 2p hn F =3W. [86, 87] In the fabrication of the first GNR-based FETs, e-beam lithographic patterning followed by oxygen plasma etching was used, which afforded ribbon widths between 15 and 100 nm. [88, 89] The conductance of the GNRs could be modulated by the applied gate potential over approximately one order of magnitude at room temperature, while at low temperature (T ¼ 4 K), the ribbons displayed on/off ratios of up to 10 4 . The energy gap, as determined from temperature-dependent conductance measurements, was found to be inversely proportional to the ribbon width, in accord with the theoretical prediction. For the narrowest ribbons (W ¼ 15 nm), the energy gap reached a value of $200 meV. [88] In contrast to the width dependence, no gap-size variation was observed between ribbons obtained by etching along different directions of the original graphene sheet. This finding reflects the dominant role of the edge structure compared to the ribbons' overall crystallographic orientation in determining their electrical behavior. The relevance of the edges is furthermore apparent from the observation that GNRs with widths below $50 nm exhibited a trend toward increased resistivity, which is likely to originate from edge scattering. [89] Another fingerprint of edge effects is the fact that the experimentally observed 200 meV gap for a ribbon width of 15 nm is significantly larger than expected from the above relation.
A significant advancement has very recently been acheived by the development of a solution-based route to GNRs with smooth edges and widths down to a few nanometers (Fig. 13A) . The procedure involves sonication of thermally exfoliated graphite obtained by the procedure described above in an organic solution of a p-conjugated organic polymer. [90] Electrical investigation of a range of these chemically derived GNRs with different widths revealed gate switching in all cases, testifying their all- 
www.advmat.de semiconductor nature, which constitutes a major advantage over SWCNTs (Fig. 13B ). The energy gap of the narrowest ribbons (W ¼ 2 nm) was estimated to be $400 meV, a value in good agreement with theoretical predictions. The room-temperature performance of FETs incorporating ribbons less than 10 nm wide has been demonstrated to be comparable to SWCNT-FETs, as manifested by an on/off current ratio exceeding 10 6 , a low sub-threshold swing of $200 mV per decade, and an on-state current density as high as 2000 mA mm
À1
. [91] Analogous to nanotube transistors, the GNR-FETs display unipolar p-type character, which has been ascribed to the high-work-function Pd electrodes producing close-to-Ohmic contact to the valence band. The room-temperature mobility of holes at low drain-source bias, reaching values close to 200 cm 2 V À1 s À1 , has been interpreted to be limited mainly by elastic scattering at the ribbon edges. Interestingly, theoretical simulations suggest that the impact of the elastic scattering is reduced in the high-bias regime where optical phonon scattering gains relevance. [92] Of further interest is a novel approach toward GNRs, which relies upon controlled etching of graphene by metal catalyst particles. Etching of few-layer graphene along crystallographic axes has recently been demonstrated with the aid of thermally activated iron nanoparticles. [93] The electrical characteristics of FETs comprising increasingly narrow GNRs reveal an increase in influence of contact barriers, a finding consistent with the assumption that the switching mechanism in these devices involves the modulation of Schottky barriers. [94, 95] While contact barriers in GNR devices have so far only been studied by theory, recent scanning photocurrent microscopy (SPCM) measurements have provided useful information about the properties of metal contacts attached to larger graphene sheets (Fig. 14) . [96] In this technique, the short-circuit photocurrent detected at zero drain-source bias is a measure of the local-electric-potential gradient. Evaluation of the gate-dependent short-circuit photocurrent at the contacts has revealed that gold as a high-work-function metal leads to local p-type doping of the sheet, whereas the low-work-function metal titanium imparts local n-type doping. The corresponding interfacial-potential steps have been determined to be À50 meV for gold and 30 meV for titanium at the Dirac point of the sheet. Notably, the contact doping leads to a p-p or p-n junction, depending on the polarity of carriers in the bulk of the sheet, which provides an explanation for the asymmetry in the electron and hole conduction observed in graphene devices. [97] This asymmetry has previously been ascribed to different scattering cross-sections off charged impurities for opposite carrier polarities. [98] Furthermore, gate-dependent SPCM images of graphene devices display a spatially inhomogeneous switching, with the transition from the p-to n-type conduction occurring earlier at the edge region than the sheet center. The charge accumulation at the sheet boundaries is at least in part attributable to the weaker local charge screening by the back gate separated by a 200 nm thick SiO 2 layer. [99] Further investigations are needed to clarify the extent to which edge defect states may additionally contribute to the observed behavior.
Carbon Nanotube-Based FETs
Although the operation mechanism of SWCNT-FETs is not yet fully understood, there is general consensus that they typically function as Schottky-barrier transistors rather than conventional bulk transistors. In the former type of transistor, the applied gate potential modulates not only the carrier density, but also the transmission through the Schottky barriers at the contacts, that is, both contact and channel resistance are affected by the gate. [100] The Schottky barrier for one carrier type can be minimized through a proper choice of contact metal, as has been first demonstrated by palladium contacts enabling nearly barrier-free access to the valence band of semiconducting tubes. [101] More recently, close-to-perfect contacts to the tube's conduction band have been accomplished using scandium, rendering both p-and n-type SWCNT-FETs available. [102] The influence of the Schottky barriers can be reduced by selectively doping the contact regions, as has been realized on the basis of strong chemical charge-transfer between the tube and adsorbed molecules. [103] In close correspondence to graphene devices, a convenient method to estimate the Schottky-barrier height in a semiconduct- ing nanotube is SPCM performed under gate modulation. [104, 105] It relies upon the fact that zero photocurrent is generated in the transistor off-state corresponding to the flat-band situation, whereas maximum photocurrent is observed at the switching threshold, that is, when the conduction-band edge aligns with the Fermi level of the contacts, for instance. In addition, SPCM has been used to determine the depletion layer width in the different device-operation regimes. [105] In order to optimize the gate switching (minimize the sub-threshold swing S), the capacitive coupling of the gate electrode has to be enhanced. In the optimum case, the classical electrostatic capacitance C g would become larger than the quantum capacitance C q of the tube (C q ¼ 10 À16 F mm À1 ), [106] and thus dominate the switching action. [107] Strong gate coupling has been implemented through a top gate separated from the nanotube by a layer a few nanometers thick of a high-permittivity (high-k) dielectric, such as TiO 2 (k ¼ 80), [108] or HfO 2 (k ¼ 25). [109] The corresponding SWCNT-FETs display a sub-threshold swing close to the theoretically expected value of S ¼ 60 mV per decade at room temperature, along with a large-scale transconductance of up to 5000 S m
À1
. An alternative promising approach takes advantage of the excellent insulating capability of high-quality organic SAMs in combination with a thin, oxygen-plasma-grown oxide layer. SWCNT-FETs with a hybrid SiO 2 /silane-based SAM gate insulator feature excellent device characteristics, including a low operation voltage of $1 V and a sub-threshold swing of 60 mV per decade. [110] Another advantageous characteristic of these transistors is that the hysteresis is much smaller compared with devices in which the SWCNT is in direct contact with a hydrophilic SiO 2 surface. [111] Moreover, recent studies have shown that FETs with organic SAM-based gate dielectric do not only exhibit excellent device performance, but also high operation stability. This is exemplified in Figure 15 for an FET comprising an individual semiconducting nanotube with a lithographically patterned aluminum gate and a thin oxide/SAM gate insulator. [112] Such devices endure more than 10 4 on/off cycles without detectable loss of performance. In addition, they are stable for more than 300 days when stored in ambient air.
A long-standing problem in the fabrication of SWCNT-FETs is the lack of synthetic methods that yield exclusively semiconducting nanotubes, which has stimulated numerous attempts to either separate semiconducting tubes from the as-prepared material or to selectively eliminate the metallic tubes. [113] The separation approach has mainly relied upon noncovalent chemical functionalization by various types of polymers capable of selectively wrapping semiconducting SWCNTs, most prominently DNA [114] and polyfluorenes. [115] Moreover, self-sorting semiconducting-SWCNTs networks have been obtained by spin-coating nanotubes from solution onto appropriately surface-functionalized Si/SiO 2 substrates. [116] The principle of this method is based upon the selective binding of semiconducting tubes by the terminal amino groups of the silane layer on the silica. [117] Efficient chemical methods to eliminate the metallic tubes in nanotube ensembles include the coupling of benzene diazonium salts [118, 119] and methane plasma etching. [120] In the latter process, the metallic nanotubes within an SWCNT film are preferentially modified, while semiconducting tubes with Figure 14 . A) A series of SPCM images recorded at room temperature on a gold-contacted graphene monolayer as a function of back-gate voltage (at zero source-drain voltage). Upon transition from the n-to p-type regime, the photocurrent signs at the source and drain contact are inversed. B) For the same sheet, the local photocurrent at the center of the source electrode edge (green curve) and the dark source-drain current (black curve) is plotted versus gate voltage. The contact photoresponse can be used to determine the magnitude of the potential step at the gold/graphene interface and the local Fermi-level shift in the graphene. Reproduced with permission from [96] . Copyright 2008 Nature Publishing Group. Figure 15 . Gate cycling between the on and off states of an FET with an individual SWCNT on an SAM of an organic phosphonic acid attached as gate insulators onto the underlying aluminum electrode used as back gate. All measurements were performed under ambient conditions using a source-drain bias of À0.1 V. REVIEW www.advmat.de diameters larger than 1.4 nm remain largely unaffected. The modified metallic tubes can then be permanently broken through thermal annealing. A reasonable explanation for the higher chemical reactivity of metallic tubes invokes their more-abundant delocalized electronic states favoring the formation of a transition state with electrophilic species. [121] Preferential destruction of metallic tubes has also been achieved through selective photo-oxidation using laser irradiation of appropriate wavelength. [122] More recently, it has been demonstrated that also long-arc Xe-lamp irradiation under ambient enables faster destruction of metallic over semiconducting tubes. [123] Another promising strategy involves substitution-doping of nanotubes. As a first step in this direction, the synthesis of SWCNTs co-doped with boron and nitrogen has recently been reported. [124] In agreement with theory, which predicts a band gap in the order of 0.5 eV for a 10% content of each boron and nitrogen, BCN-SWCNTs have been found to be purely semiconducting and well-suited as FET channels. FETs made of enriched semiconducting SWCNT ensembles easily reach large on/off ratios exceeding 10 5 , which is sufficient for many applications. [114, 116] Significant progress has also been achieved in the development of FETs incorporating highly ordered SWCNT arrays produced via oriented CVD growth on quartz substrates, as illustrated in Figure 16A . [125] After transferring the arrays onto a polymer substrate and selective electrical breakdown of the metallic tubes, the devices display very good performance, including carrier mobilities approaching 1000 cm 2 V À1 s À1 , scaled transconductances as high as 3000 S m À1 , and current outputs of up to 1 A. By combining p-and n-type FETs, with the latter obtained by chemical doping using a polymer rich in amino groups, logic gates such as CMOS inverters have also been realized. An extension of this work is the fabrication of integrated circuits comprising up to 100 random-network SWCNT-FETs on flexible plastic substrates (Fig. 16B) . [126] Remarkably, even without enrichment of semiconducting tubes, the transistors display excellent performance, as reflected in sub-threshold swings as low as 140 mV per decade, mobilities of up to 80 cm 2 V À1 s
, and operation voltages below 5 V. A key factor to achieve this has been to reduce the probability of metallic pathways through use of sufficiently narrow network stripes. Recent SPCM studies have provided electric-potential landscapes of SWCNT networks under different gating conditions, which could aid further optimization of the corresponding FET devices. [127] 
Conclusions
Among the different carbon nanostructures, carbon nanotubes are probably closest to real technological implementation into high-performance FET devices. This advance stems from the fact that (semiconducting) carbon nanotubes are the sole carbon nanostructure that combines several crucial features, namely the presence of a band gap, a big-enough size to enable electrical contacting with reasonable effort, as well as a low defect density and high stability. While still considerable effort is spent to drive SWCNT-based FETs to the ultimate performance limit, there is also an emerging trend of integrating the various nanostructures into novel, all-carbon device architectures. Theoretical studies have predicted that carbon-based conductive materials are advantageous over metal contacts for electrically contacting carbon nanostructures. [128] This is due to the possibility of direct bond formation between the carbon material and the nanostructure, with a character very similar to the internal bonding in the latter, thus ensuring a well-matched bonding network and a good continuity of electronic structure. As another advantage, the relatively small work-function difference among carbon nanostructures helps avoiding changes in the electrically addressed material due to contact doping. Moreover, in the particular case of carbon nanotubes, the tube diameter of 1-2 nm renders them close-to-ideal contacts for molecules. [129] Experimentally, first steps have already been undertaken toward integrating graphene and p-conjugated organics, as reflected by a very recent study using patterned graphene as bottom source and drain electrodes for efficient hole injection into a pentacene conduction channel. [130] Further to this, metallic SWCNTs have been utilized as electrical leads to contact pentacene nanocrystals. [131] Due to the favorable gate electrostatics of the sharp 1D electrode geometry, FETs obtained in this manner display orders of magnitude conductance modulation for channels of only several molecules in length. Another noteworthy development in this context is the use of carbon nanotubes as crystallization templates Figure 16 . A) A pattern of laterally aligned SWCNTs grown by CVD on a quartz substrate. The densely packed arrays have been used as FET channels after electrical breaking of the contained metallic tubes. Reproduced with permission from [125] . Copyright 2007 Nature Publishing Group. B) Optical microscopy image of an integrated circuited consisting of several dozens of SWCNT-network transistors on a thin polyimide sheet. Reproduced with permission from [126] . Copyright 2008 Nature Publishing Group. REVIEW www.advmat.de for the patterned growth of organic single crystals directly into device structures. [132] Besides integration approaches, also novel device concepts can be expected to become increasingly important in the future. One interesting example is electrical switching based upon the electric-field-induced motion of chains of carbon atoms in graphene. Pioneering experiments on graphene break junctions have shown that such switches can be extremely robust, which renders them interesting for information storage applications. [133] 
